Abstract-In this paper, fabrication and characterization of a Gallium co-doped Erbium fiber is presented, highlighting Gallium as a new potential co-dopant to be used in rare-earth doped fibers. This fiber was fabricated using standard MCVD and solution doping method. Fiber characterization setups for fluorescence lifetime, absorption and ASE spectrum are discussed in detail. We go on to show that fluorescence lifetime of 6.02 ms, NA of 0.12, cutoff wavelength of 1.4 µm and a peak absorption of 45 dB/m at 1550 nm is achievable using Gallium as the co-dopant for an Erbium doped fiber.
I. INTRODUCTION
With rapid increment of communication traffic throughout the world, fiber optics has become the backbone of WDM (Wavelength Division Multiplexing) communication systems. Many rare-earth doped optical fibers using Lanthanides such as Erbium [1] , Thulium [2] , and Ytterbium [3] etc. have been reported. High concentration of rare-earth ions leads to greater absorption and thus increases the efficiency of the fiber, especially when it is used as an optical amplifier. However, high concentration of rare-earth ions in Silica host reduces the solubility and leads to the very common problem of clustering [4] , which eventually results in quenching (gain and power quenching). To reduce clustering, optical fibers are co-doped with heavy metal ions. Reports on the use of Aluminium [5] and Germanium [6] have been made earlier. Since Ga belongs to the same group in the periodic table as Aluminium (Al) and considering the high refractive index of Ga 2 O 3 as a potential index raiser [7] and properties of Ga +3 as a glass forming oxide [8] , characteristics of Ga co-doped Er fiber were investigated. In this study, we introduce Gallium (Ga) as a new co-dopant in an Erbium (Er) doped fiber intended for efficient optical amplification.
We used standard MCVD (Modified Chemical Vapor Deposition) and solution doping technique to fabricate the preform. The fiber was drawn in a standard pulling process and was characterized for its absorption, fluorescence lifetime and spontaneous emission. Cut-back method was used to measure the absorption spectrum. Fluorescence lifetime was measured by observing the backward emission. We present the forward ASE (Amplified Spontaneous Emission) spectrum for Er/Ga co-doped fiber.
II. METHODOLOGY

A. Fabrication-MCVD and Solution Doping Process
Standard MCVD and solution doping method was used to fabricate the fiber. High quality "Heraeus" F300 pure Silica tube with an outer diameter of 25mm and an inner diameter of 19mm was used in the MCVD process. The tube was mounted on the lathe and the inner surface was etched by SF 6 .
Subsequently, the porous core layer was deposited according to the parameters mentioned in Table I , intended for the solution doping process. The water based solution was prepared with approximately 1.45M concentration of Ga(NO 3 ) 3 and 0.025M concentration of ErCl 3 . The substrate tube was then soaked in this solution for 90 minutes in our vertical solution doping apparatus. After solution doping, the tube was then sintered before collapsing into a solid preform. The fiber was pulled using a standard pulling tower.
B. Characterization-Absorption Setup
Absorption spectrum of this Er/Ga co-doped fiber was observed and recorded by the use of cut-back method. "ANDO AQ-4303B" white light source and "ANDO AQ-6317C" OSA (Optical Spectrum Analyzer) was used in this experiment. First, the white light source was connected to OSA using a standard single mode patch cable and absorption spectrum was recorded. This waveform was considered as the reference during the calculation process. Then 0.5m of Er/Ga co-doped fiber was connected to the patch cable using a fiber connector and the other end of the fiber was connected to OSA using a bare fiber connector. As before, the absorption spectrum was recorded again. Normalized absorption spectrum was obtained by taking the difference of these two spectrums and dividing by the length of the fiber.
C. Characterization-Lifetime and ASE Setup Fig. 2 shows the equipment setup that was used to observe the fluorescence lifetime. Same setup was used with slight variations to observe forward ASE spectrum. "JDS Uniphase" 980 nm pump with forward pumping scheme was used along with "OPNETI" single mode 1550nm/980nm WDM coupler. Backward emission of the fiber was detected by Thorlabs "DET 10D/M -InGaAs -1.2µm-2.6µm" optical detector. For the measurement of fluorescence lifetime, free end of the 2 m Er/Ga co-doped fiber was dipped in an index matching fluid. As for the measurement of forward ASE, free end of the 2 m long fiber was connected to OSA and free end of the WDM coupler (which was connected to the optical detector earlier) was left alone.
III. RESULTS AND DISCUSSION
A. Fiber Characterization Fig. 3 shows an image of the Er/Ga co-doped fiber, observed by an optical microscope, where the core radius was measured to be 4.5 µm. Table II shows the results we have obtained after characterizing the fiber. Numerical aperture and cutoff wavelength were calculated by studying the preform RIP (Refractive Index Profile). Preform RIP was measured using "Photon Kinetics" P104 Preform Analyzer.
Fiber diameter of 125µm matches with most of the commercially fabricated Erbium doped fibers such as "Corning CR1550" [10] , "Coherent EDF-T6" [11] and "Liekki Er30" [12] . Based on the overall result of NA, core diameter and refractive index profile, our results suggest that this fiber can achieve a cut-off wavelength of 1.4 µm, which provides a wide range for single mode use. B. Fluorescence lifetime Fig. 4 portraits the exponential decay of ions over time (fitted curve using exponential function) after being excited by 980 nm pump. Fluorescence lifetime was obtained by taking the time it takes the ions to reach (1/e) value. Based on this graph, upper state lifetime of 4 I 13/2 metastable level was measured to be 6.02 ms. However, this value is less than the lifetime reported by other Erbium doped optical fibers codoped with Aluminium, which is around 10 ms [13] , [14] . This could be the effect of Ga influencing the phonon energy of the glass. 5 shows the GSA (Ground State Absorption) spectrum obtained by cut-back method. Considering the absorption in the range of 1200 nm to 1300 nm, background loss of the fiber was calculated to be 0.5 dB/m. Peak absorption values at 980 nm and1530 nm were observed to be 25 dB/m and 45 dB/m, respectively. These values are very well in accordance with the earlier reported Er fibers [10] , [11] and [12] . Taking these high absorption values into consideration, this fiber has the potential to be used as an amplifier in the Cband (1530 nm-1565 nm) region. Fig. 6 shows the forward ASE spectrum measured with 980 nm pump being used. Same exact procedure was carried out for the pump powers of 100 mW, 120 mW, 130 mW and 150 mW. It was noticed that ASE increases with increasing pump power and reaches its saturation point when the pump power is approximately 120 mW. This broadband ASE characteristics can be used in superluminescent sources [15] but fiber amplifiers will have to be designed carefully to make sure that this effect is not going to cause gain saturation.
IV. CONCLUSION
In this paper, we highlighted how Gallium could be used as a co-dopant along with Erbium in rare-earth doped fibers. We observed the fluorescence lifetime at 6.02 ms for the 4I13/2 metastable state, absorption peaks of 25 dB/m and 45 dB/m at 980 nm and 1530 nm, respectively and ASE levels as high as -9 dBm at 1533 nm. This suggests that Gallium could be used as a co-dopant like Alminium. Based on these results, we suggest that
• Gallium has a good potential as a co-dopant for rareearth doped fibers.
• Our Er/Ga co-doped fiber can be used as an efficient Cband optical amplifier.
